D eprivation of tissues from oxygen represents one of the strongest stimuli for endothelial cell proliferation and the formation of new blood vessels. A proliferative response of endothelial cells to hypoxia can be the result of an upregulation of growth factors in adjacent nonendothelial cells, acting in a paracrine way on endothelial cells. VEGF, a growth factor controlled by the hypoxia-inducible transcription factor HIF-1, is an example. Many studies have indicated that the HIF/VEGF system is important for blood vessel growth during embryogenesis; a recent study showed, however, that it may not be essential. 1 Apart from such a secondary response of endothelial cells to the effect of growth factors produced in adjacent cells in response to hypoxia, endothelial cells can also exhibit an autonomous proliferative response to hypoxia that is not dependent on the presence of other cells. Existence of the autonomous response to hypoxia has previously been identified in endothelial cell cultures that are devoid of other cell types, 2 but its signaling mechanism has remained unclear.
In the present study, we analyzed the signaling of the autonomous proliferative response of endothelial cells to hypoxia. We focused on redox signaling and the role of reactive oxygen species (ROS) because (1) it was shown before that under hypoxic or ischemic conditions generation of ROS is increased, and (2) ROS were shown to be essential signaling intermediates in growth factor-induced proliferation of endothelial cells. 3, 4 ROS may originate from different sources within endothelial cells, among these are the mitochondrial respiratory chain and NAD(P)H oxidase. We focused our analysis on these two sources. To interfere with mitochondrial ROS production, we used the radical scavenger mitoQ (MQ), a ubiquinone derivate that is selectively targeted to mitochondria. 5 To investigate the role of NAD(P)H oxidase, we used an antisense approach. Hypoxia promotes early activation of the MEK/ERK pathway, 6 a well-known pathway mediating the growth factor-induced proliferative response of endothelial cells. We, therefore, investigated the relationship between ROS signaling and the MEK/ERK pathway within the signaling of the autonomous proliferative response to hypoxia.
Materials and Methods

Endothelial Cell Culture
Endothelial cells from porcine aorta were isolated and cultured as described. 7 Primary endothelial cells were trypsinized and seeded at density of 5ϫ10 4 cells/cm 2 . Experiments were performed with monolayers of about 90% confluence, 3 days after seeding.
Experimental Protocols
Before start of experiments, subconfluent monolayers were incubated for 24 hours in serum-free medium 199 to arrest proliferation. 
Cell Proliferation
After hypoxia, cultures were postincubated in serum free normoxic media for another 24 hours, trypsinized, and counted in a Neubauer chamber.
Determination of Reactive Oxygen Species (ROS)
ROS were determined by dichlorofluorescein (DCF) fluorescence by use of 2Ј,7Ј-dichlorodihydro-fluoresceine-diacetate (H 2 DCF-DA). Endothelial cells, cultured on round glass coverslips, were incubated (30 minutes) in HBS with 5 mol/L H 2 DCF-DA. Monolayers were then superfused (0.5 mL/min) with HBS equilibrated with N 2 containing 5 mol/L H 2 DCF-DA. Fluorescence was analyzed using a fluorescence microscope combined with a video imaging system (T.I.L.L. Photonics).
ERK2 Kinase Activation
Activation of ERK2 (p42 kDa MAPK) was analyzed by phosphorylation of the kinase detected by SDS-Page, Western blot analysis, and densitometrical quantification, as previously described. 8 
Antisense Transfection Experiments
We used an antisense approach to downregulate the expression of p22 phox , an essential subunit of the NAD(P)H oxidase. Endothelial monolayers were incubated for 24 hours (500 nmol/L) with two different overlapping sequences of 16-mer length, which were phosphorothioated. Sequence of p22 phox antisense: 5Ј-TCTGTCCCATGGCGAT-3Ј and 5Ј-TGTCCCATGGCGATGC-3Ј; of nonsense, ie, reversed: 5Ј-TAGCGGTACCCTGTCT-3Ј and 5Ј-CGTAGCGGTACCCTGT-3Ј.
Consumption of NADH
Consumption of NADH was determined as described before by Patterson et al 9 with minor modifications. DPI-sensitive consumption of NADH was estimated as the difference between samples with or without DPI (10 mol/L) in each group and corrected for protein content of the culture dishes quantified according to Bradford. 10 NADH consumption is given as percentage of consumption of normoxic control cultures.
Materials
Culture dishes were from Becton Dickinson; H 2 DCF-DA was from Molecular Probes; PD 98059 and DPI were obtained from Calbiochem; oligonucleotides, newborn calf serum (NCS), medium 199, penicillin-streptomycin and trypsin-EDTA were from Gibco Life Technologies. The polyclonal ERK2 antibody was from Santa Cruz Biotechnologies; the secondary antibody was from Sigma-Aldrich; and mitoQ was a generous gift from Michael P. Murphy (University of Otago, New Zealand). All other chemicals were of the best available quality, usually analytical grade.
Statistical Analysis
Values are expressed as meanϮSEM of cells/dishes taken from at least 3 experiments using independent monolayer preparations. Statistical analysis was performed by one-way ANOVA in conjunction with the Student-Newman-Keuls test.
Results
Transient hypoxia for one hour resulted in increased proliferation of endothelial cells, quantified after 24 hours normoxic postincubation as compared with control cultures (Figure 1 ). The role of the MEK/ERK pathway, redox signaling by flavoproteins, and mitochondrial ROS formation was evaluated by application of pharmacological inhibitors during the hypoxic period. PD (20 mol/L) was applied to inhibit MEK, DPI (10 mol/L) to inhibit flavoproteins, and MQ (10 mol/L) to scavenge mitochondrial ROS. All three inhibitors abolished the stimulation of proliferation by hypoxia. Control experiments in which these agents were applied for a 1 hour normoxic period did not alter the low basal rate of proliferation (data not shown), with exception of DPI, which slightly increased proliferation by 13Ϯ2% (nϭ16).
It was analyzed if ROS are generated by the endothelial cells during hypoxic exposure and if this was influenced by DPI or MQ. Hypoxia provoked a burst of ROS indicated by a rise of the DCF signal ( Figure 2 ). Both DPI and MQ suppressed the hypoxic rise of the DCF signal, but had no effect during the preincubation period on the basal signal in normoxia.
It was shown before that hypoxia leads to an early upregulation of the pro-proliferative MEK/ERK pathway in endothelial cells. 6 In order to analyze the interplay between ROS signaling and the MEK/ERK pathway, we investigated whether the use of DPI or MQ affects a possible activation of ERK2 during hypoxia. Hypoxia was found to activate ERK2 transiently, as indicated by an increase in the degree of its phosphorylation ( Figure 3 ). Administration of DPI or MQ suppressed hypoxic activation of ERK2, but these agents did not change the basal phosphorylation state of ERK2 during normoxic preincubation. The data indicate that some DPIand MQ-sensitive steps are located upstream of ERK2 in the signaling of hypoxia-induced proliferation.
The last described experiments did not exclude the possibility that ROS generation may also occur downstream of the MEK/ERK signaling. We, therefore, analyzed if ROS formation is affected by addition of the MEK inhibitor PD, which was shown to abolish hypoxic MAPK phosphorylation. As shown in Figure 4 , PD abolished the hypoxia-induced rise in ROS but did not alter the low rate of normoxic ROS formation during preincubation. These results indicate that the major source for hypoxic ROS lies downstream of MEK/ERK.
We hypothesized that the endothelial NAD(P)H oxidase represents the source of ROS originating downstream of MEK/ERK. To test this hypothesis, we pretreated the cultures with p22 phox antisense oligonucleotides or, as controls, with nonsense oligonucleotides. In p22 phox antisense-transfected cultures, the hypoxia-induced rise in ROS formation was diminished, whereas this was unaffected by nonsense oligonucleotide treatment ( Figure 5 ). As a positive control for the antisense transfections, we used angiotensin II (100 nmol/L) stimulation of endothelial cells, which is known to provoke ROS formation from NADP(H) oxidase. Under normoxic conditions, treatment with p22 phox antisense oligonucleotides reduced the ROS response to angiotensin II stimulation by 85Ϯ5% (nϭ4); treatment with nonsense oligonucleotides had no effect.
In contrast to its effect on ROS formation, antisense oligonucleotide treatment did not affect the hypoxic activation of ERK2 (Figure 6 ), confirming that the antisense target, NAD(P)H oxidase, is located downstream of ERK2. To corroborate this finding, we also tested if PD reduces NAD(P)H oxidase activity determined by a NADH consumption assay (Figure 7 ). This was indeed the case: during hypoxia, NADH consumption of hypoxic endothelial monolayers treated with nonsense oligonucleotides was increased as compared with normoxic controls. PD diminished NADH consumption in those monolayers. In p22 phox antisense-treated monolayers, consumption of NADH was only slightly increased and was not affected by inhibition of the MEK/ERK pathway. The next experiment of this study was to test whether NAD(P)H oxidase is involved in the proliferative response to hypoxia. We found that in cultures treated with p22 phox antisense oligonucleotides, the proliferative response to hypoxia was diminished, in contrast to the nonsense-treated controls (Figure 8 ). Treatment of endothelial monolayers with either nonsense or antisense p22 phox oligonucleotides had no effect on the small proliferation rate found in normoxic controls (Figure 8) .
In order to test for respiratory chain inhibition other than lack of oxygen, we incubated cells for 1 hour in presence of rotenone (10 mol/L) instead of hypoxia. We found that this treatment also increased ROS formation and ERK2 activation (not shown) and induced endothelial cell proliferation to an extent comparable to that of hypoxia: cell number was increased to 183Ϯ10% of normoxic control (nϭ16; PϽ0.05 versus control). Treatment with p22 phox antisense reduced cell proliferation to 112Ϯ6% of control (NS versus control), and incubation with the nonsense oligonucleotides had no effect of normoxic control (182Ϯ9%; PϽ0.05 versus control; NS versus hypoxia alone).
Discussion
The aim of the present study was to analyze the role of redox signaling for the autonomous proliferative response of endothelial cells to hypoxia. We found that the proliferative response depends on the MEK/ERK pathway and that redox signaling steps are located both upstream and downstream of this pathway. Located in upstream position is ROS generation by mitochondria; located downstream is NAD(P)H oxidase.
The proliferative response to hypoxia was found sensitive to DPI and MQ. DPI can inhibit redox signaling via flavoproteins, as are present in the NAD(P)H oxidase complex and complex I of the mitochondrial respiratory chain. MQ is a highly selective scavenger of intramitochondrial generated ROS. 5, 11 In hypoxic cells, electrons can leak from the electron transport chain. 12 A common denominator of DPI and MQ is the ability to reduce mitochondrial generation of ROS. The data of this study further show that the proliferative response is dependent on the MEK/ERK pathway, because it is sensitive to the MEK inhibitor, PD, and that ERK2 activation occurs downstream of a DPI and MQ sensitive step. Because ERK2 activation was not sensitive to p22 phox antisense treatment, it does not depend on NAD(P)H oxidase, another target of DPI. Together, the results indicate that hypoxic generation of ROS in mitochondria causes activation of the MEK/ERK pathway and that both these events are required for the largest part of the proliferative response.
In the hypoxic cells, the largest part of ROS is generated downstream of the MEK/ERK pathway. This is shown by the finding that ROS generation can be effectively suppressed by the MEK inhibitor, PD. Presence of PD was also found to block the hypoxic activation of NAD(P)H oxidase, determined by the NADH consumption assay. NAD(P)H oxidase was confirmed as source of the largest part of hypoxically generated ROS by use of p22 phox antisense oligonucleotides. Treatment with the latter had no effect on ERK2 activation, consistent with the aforementioned evidence that NAD(P)H oxidase is activated downstream of the MEK/ERK pathway. Downregulation of NAD(P)H oxidase by antisense oligonucleotides was sufficient to block the largest part (Ͼ80%) of cell proliferation in response to hypoxia. This shows that NAD(P)H oxidase represents an essential element in signaling of the autonomous proliferative response. In the described sequence of signaling events, NAD(P)H oxidase activation seems to play a dual role, as effector and amplifier of the original hypoxia signal at the mitochondrial level. Recent studies have revealed an essential role of NAD(P)H oxidasedependent redox signaling also for other stimuli of endothelial cell proliferation, eg, growth factors 3, 4 or oxidized LDL. 13 The finding that the mitochondrial ROS scavenger, MQ, suppresses ROS generation almost entirely is not in objection to the proposition that mitochondria are not the major source of ROS in the hypoxic cells. This can be understood when considering the fact that mitochondrial ROS production represents the initial step of a signaling cascade which leads to activation of a larger producer of ROS in downstream position, ie, NAD(P)H oxidase.
The identified signaling cascade starts at the mitochondrial level. Mitochondrial ROS seem to represent the initial event in "hypoxia sensing" of this proliferative response. The data suggest that these mitochondrial ROS are directly responsible for a small (Ͻ20%) part of the proliferative response because this part is insensitive to treatment with PD or antisense nucleotides. Others have also argued that hypoxic generation of ROS in mitochondria is an initial step in hypoxia-sensing mechanisms, 14, 15 eg, for NF-B activation and subsequent gene expression in endothelial cells. 15 It was also shown for other cells that mitochondria are essential for hypoxiainduced stimulation of proliferation. 16 A general role of NAD(P)H oxidase as the primary trigger of oxygen sensing has become unlikely, because hypoxia sensing is preserved in transgenic mice lacking the essential gp91 phox subunit of the NAD(P)H oxidase complex. 17 ROS may be generated in hypoxic mitochondria at the flavoprotein containing complex I as well as at the ubisemiquinone site of complex III. 14, 16, 18 We found that rotenone, an inhibitor acting behind complex I, activates ROS production and ERK2 and stimulates proliferation equally to hypoxia. These experiments indicate, independent of the experiments described, that ROS generated by respiratory chain inhibition trigger the proliferative response; complex I inhibition is a sufficient cause but ROS generated at other mitochondrial sites may also contribute.
The mechanism by which ROS lead to activation of the MEK/ERK pathway is not yet known. Our study is in line with reports that exogenously applied ROS lead to activation of the MEK/ERK pathway in vascular smooth muscle cells. 19 PKC isoforms, well known as signaling elements upstream of the MEK/ERK pathway, are potential targets of ROS. Knapp and Klann 20 recently showed that PKC isoforms, which possess cysteine-rich, zinc finger motifs, are activated in a redoxdependent way. The mechanism by which activation of the MEK/ERK pathway causes the activation of NAD(P)H oxidase is not identified either. In neutrophils, it was demonstrated that p47 phox , a regulatory subunit of the NAD(P)H oxidase complex, is phosphorylated in a ERK dependent way. 21 This may apply to endothelial cells and may also be responsible for the activation of NAD(P)H oxidase here reported.
In summary, the autonomous proliferative response of endothelial cells is initiated at the mitochondrial level with production of ROS or at a step before that. Subsequent to that mitochondrial event are activation of MEK/ERK and NAD(P)H oxidase. Both are also signaling elements for other stimuli of endothelial proliferation.
